Pollen competitive ability, which represents the reproductive success of a pollen grain, is the result of various pre-and post-shedding components. The genes controlling two of these, pollen germination and tube elongation, measured in artificial conditions, were identified and their chromosomal localization established by RFLP analysis in a population of recombinant inbred lines. Six regions were detected for pollen grain germination and seven for tube growth, which explained 45 per cent and 70 per cent, respectively, of the phenotypical variability of the traits. The results, interpreted together with those relating to in vivo germinability and tube growth rate, obtained in a previous experiment, suggested the existence of a system of timing of different sets of genes controlling the gametophytic developmental stages.
Introduction
The biological significance of pollen competitive ability (PCA), which describes the reproductive success of a pollen grain, derives from the fact that pollen fitness is a component of plant fitness; pollen selection and response to selection in the sporophytic progeny have been demonstrated in different species, with regard to traits such as plant vigour, fertility and tolerance to stresses (Ottaviano & Mulcahy, 1989; Hormaza & Herrero, 1992) .
PCA is the result of various pre-and post-shedding components; among the former are viability and competition within the anther, due to differences of metabolic efficiency during microspore development; among the latter are germination time and rate, tube growth rate and fertilization ability.
The detection of stage-specific genes controlling gametophytic development and function suggests that PCA is controlled by diverse genetic systems. Differential effects of specific chromosomal deficiencies on the development of maize pollen grains have been demonstrated by means of B-A translocations (Kindiger et at., 1991) , that allow the production of aneuploid pollen in which a portion of the microspores are missing a chromosome arm. The diverse deficiencies, according to the chromosome fragment lost, showed that components of normal microspore development are con-*Correspondence
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trolled by genes located in a specific part of the genome. Studying monogenic embryo-lethal mutants in Arabidopsis (Meinke, 1982) and defective-endosperm mutants in maize (Ottaviano et at., 1988) , genes affecting both kernel development and/or pollen function were identified. The analysis of the progeny produced by heterozygous plants showed a significant distortion in the Mendelian segregation rates, indicating different fertilization ability between normal pollen and pollen carrying the mutation. Moreover, the outcome of pollen competition can be modulated by the stylar tissue genotype, which can act as a sieve with regard to pollen tubes competing to achieve fertilization. Even though precise data concerning the biological basis of pollen-style interaction are very scarce, it is reasonable to think that it concerns the metabolic efficiency of pollen genotypes in taking up nutrients supplied by the female counterpart (Pfahler, 1967; Sari-Gorla et at., 1976; Linskens & Pfahler, 1977) .
In a previous experiment, we identified and localized on maize chromosomes the quantitative trait loci Freshly shed pollen from field plants was grown on artificial medium (100 mg H3B03, 300 mg Ca(N03)2, 170 g sucrose, 7 g agar/l), solidified in a glass cylinder, cut in slices of 1-2 mm and put in Petri dishes. For each line, two replicates were made in 2 days. After 3 h at 27°C, the dishes were fixed with Farmer's liquid and stained with Aniline blue. For trait evaluation, the dishes were divided into eight sectors, in each of which 50 grains were scored for germination percentage under a binocular dissection microscope and 50 tubes per plate were measured by means of a graphic digitizer (Video plan).
The detection of the chromosome regions where QTLs controlling the characters studied are located, was carried out by regression analysis, where the mean value of the character for each line is the regressed variable and the allelic composition of the molecular marker is the regressor, assuming the value of 1, 2 or 1.5, according to the presence of the alleles from the first parental line, from the second parental line, or from both (heterozygous locus). A significant regression is interpreted as an indication that a QTL control!-ing the trait is closely linked to that RFLP locus.
To avoid false assignments, the correlation matrices between all the restriction loci giving a significant result were computed. The cumulative contribution of the loci to the character variability was evaluated including in a multiple regression model all the significant, uncorrelated loci. The number of significantly associated loci identified is thus a conservative minimum.
Results Figure 1 shows the position on maize chromosomes of the loci significantly associated with QTLs controlling the two characters; the nine loci associated with pollen grain germination (PGG) are marked with a circle and the 21 associated with tube growth (PTG) are marked with an asterisk; the bars indicate the coefficient of determination, R2, which measures the amount of trait variability explained by its association with that molecular locus.
The real number of loci involved in the control of the traits is likely to be fewer. In fact, a cluster of signifi- Taking into account these points, the chromosomal regions in which at least one QTL involved in the control of the traits is located were identified on the basis of the correlation matrices between molecular markers. For each cluster of significantly correlated loci, only that having the highest R2 was chosen; the analysis indicated six and seven loci as being responsible for PGG variability and PTG variability, respectively; the values of R2, obtained by including all the significant and uncorrelated loci for each trait in a multiple regression model, were 0.46 and 0.70, respectively, indicating that a large part of the phenotypic variability of the traits is accounted for by QTLs detected by the analysis. Table 1 reports the RFLP loci significantly associated with the in vitro component of PCA, pollen grain germination and tube growth rate. The corresponding coefficient of determination and coefficient of regression are indicated; the latter represents the estimated effect: its numerical value measures the effect of the allelic substitution and its sign indicates the allelic distribution in the two parental lines.
The data reveal that only one identified chromosomal region carrying QTLs is common to PGG and PTG; the other five and six molecular markers, respectively, appear to be linked to QTLs that specifically affect one or the other of the characters. 
Discussion
Theuse of molecular markers proved to be an efficient way to localize QTLs involved in the control of pollen germination and pollen tube growth as evaluated in vitro. By means of regression analysis we detected a minimum number of six and seven chromosomal regions carrying genes controlling in vitro PGG and in vitro PTG, respectively. Even though the nature of the estimate is only indirect, our findings strongly confirm the complex basis of the genetic system that regulates pollen function.
Furthermore, the observation that only one QTL is involved in the control of both traits, leads us to postulate the existence of two distinct sets of genes, one controlling germination rate, the other active during pollen tube growth.
A possible physiological interpretation of our results can be made by comparing these findings and those previously obtained after the characterization of the same RI population for the component of PCA measured in vivo (Sari-Gorla et a!., 1992). This comparison of the two studies (Fig. 2) reveals that four QTLs, accounting, in this study, for about 40 per cent of the phenotypic variability of in vitro PTG, are also significantly associated with in vivo germination and early tube growth, whereas all the identified chromosomal regions carrying QTLs for (in vivo) later tube growth rate within the style appear to be specific for this trait.
Bearing in mind that the growth of maize pollen tubes in artificial medium is very limited, 1-2 mm, compared with in vivo growth, where, according to the position of the ovule along the ear, the pollen tube can grow up to 20-30 cm to accomplish fertilization, the combination of our recent and previous results suggests the existence of three different sets of genes expressed during the various stages of the fertilization processes. A first group of genes affecting germination rate, evaluated in vitro, is active during microsporo- (Mascarenhas, 1990) whereas during pollen tube growth into the style, other processes are activated, involving interaction between growing pollen and the stylar tissues of the female plant.
The results confirm what has been observed with regard to the PCA components evaluated in vivo: early tube growth, expressed both in vitro and in vivo, appeared to be negatively correlated with later tube growth rate into the style. It is possible that the same locus has an effect on two different traits, where one allele promotes the first and the other allele promotes the second. On the other hand, it can be supposed that alleles favouring early stages of pollen function and later phases of growth are closely linked in trans, so that an allele increasing the first component and one decreasing the second are inherited together.
In Viola, a negative correlation between germination time and tube growth rate has been observed (Dajoz et a!., 1992) , according to the number of pollen apertures: pollen with four apertures germinates quickly but has a slow tube growth, pollen with three apertures germinates slowly but grows quickly. In this case, it is possible to hypothesize that a fast germination rate is obtained by consuming reserve materials which thus become unavailable for subsequent tube growth, whereas the slow germination pollen preserves the materials to be used during the subsequent phase of growth. This is not expected to be the case in maize pollen where, due to the disproportion between pollen grain diameter and tube length (about 90 im and 20 cm, respectively), the late pollen tube growth is mainly sustained by the metabolic support of the female tissues.
Moreover, possible differences in pollen diameter, affecting the two characters in opposite ways, could not be invoked as this character did not reveal genetic variation in the studied population and was also quite homogeneous within lines (data not given).
An interpretation of these findings should take into account the strategy of the sporophyte: it is possible that linkage is maintained because of an adaptive genetic combination for sporophytic fitness. In any case, as these observations relate to segregating genes from only two lines, the parents of the RI population, they obviously do not represent a typical situation of the maize germplasm; this aspect will possibly be clarified by exploration of the phenomenon in a larger number of genotypes and by carrying out a similar experiment with a population of RI derived from two different parental lines.
